In a series of papers (1-5) it has been shown that a study of the kinetics of osmotic swelling and shrinking of the Arbacla egg may yield information concerning an important property of the cell--vi~., the ease with which water can enter or leave it, under the influence of osmotic forces. This permeability of the cell to water has been shown to be affected by many factors, such as temperature, specificity and valence of ion, etc.
meability of the cell with changing concentration of the external medium. To this end we have made a more extensive series of experiments. As our attention had been called to the empirical nature of the Lillie equation prior to the appearance of Northrop's paper, and as we had already developed and applied an equation whose derivation differs somewhat from that of Northrop's, we shall include in this paper our theoretical treatment, and apply it, together with Northrop's, to the new data.
Theory
That the Arbacia egg constitutes an osmotic system is suggested by the simple observation of its swelling or shrinking when placed in a medium whose osmotic pressure differs from that of sea water. To account for the experimental data quantitatively in terms of the known laws governing osmotic processes, it is necessary to make certain assumptions concerning the cell and its surroundings:
1. The Arbacia egg consists of a solution of osmotically active substances, surrounded by a semipermeable membrane.
The fact that a fraction of cell volume is occupied by osmotically inactive material is neglected for the moment for the sake of simplicity, but will be introduced later as a correction.
2. The aqueous systems concerned obey the laws of ideal dilute solutions.
3. Only osmotic forces are concerned in the passage of water across the surface of the egg.
Assumptions 1 to 3 have been discussed in a previous communication (8) . 4 . The resistance to the diffusion of water is confined to the surface of the egg.
This neglects the time required to equalize concentration differences within the egg itself, as compared with that required for the water to diffuse across the membrane. It is made in the interests of simplicity of mathematical treatment.
5. The resistance to the diffusion of water, per unit area of cell surface, is constant.
This assumption in effect neglects any change in the properties of the membrane as the cell swells or shrinks. In the absence of deft-nite knowledge concerning the structure of the membrane, this seems to be the most general method of treatment. Northrop (7) , however, has dealt withthis problem differently; a comparison of the resulting theories will be made in the present paper.
These assumptions permit the development of a theory which shall attempt to account, quantitatively, for the experimental facts of swelling and shrinking. It is evident that when an Arbacia egg is placed in a solution the osmotic pressure of which is not equal to that of the interior of the egg, water will be transported across the membrane under the influence of the outstanding difference in pressure on the two sides. This transfer takes place, according to the laws governing such processes, in such a direction as to tend to equalize the difference in pressure--i.e., from the more dilute to the more concentrated medium. The egg, being a closed system, will consequently ga'in or lose water, and will finally come into a condition of equilibrium, when the osmotic pressure of the interior equals that of the surrounding medium. This gain or loss of water is equal to, and may be directly measured by, the change in volume of the egg.
When in equilibrium with the external solution, we have already shown (8) that the product of pressure and volume of these cells is, as a first approximation, constant, and that Here, Pe, is the osmotic pressure of a solution with which the cell is in equilibrium, and therefore is also the pressure inside the egg; V, is the cell volume at equilibrium; Po and Vo are pressure and volume of the egg in ordinary sea water.
In the present paper we are dealing chiefly with cells not in equilibrium with the external solution and must therefore assume that the pressure-volume product is constant also under this condition. We write, PV = P° v° (I a)
where P and V are pressure and volume of the cell at any time. When the egg is not in equilibrium with the external medium, we observe the process of swelling or of shrinking. According to assumption 5 the rate of transfer of water across unit area of membrane de' pends only on the available pressure difference, a~ad is proportional to it. Consequently the rate of transfer of water into or out of the egg will be proportional to the area of its surface, and to the difference in osmotic pressure between the interior and the external medium. This rate of transfer of water for the entire egg is measured directly by its rate of change of volume, and we write
Here dV is the rate of change of volume of the egg; S is the area dt of the surface, P is the osmotic pressure of the interior of the egg, P,, that of the surrounding medium, k is a factor of proportionality, which we shall term the permeability of the cell to water.* It is seen that the equation holds equally for swelling -~->0 or shrinking ~-<0 , and is so written that k is always a positive
Moreover, it satisfies the condition for equilibrium ~ , that the internal pressure equal that of the external medium. Equation II cannot be integrated as it stands. However, Equation Ia furnishes the necessary relation between the internal osmotic pressure, P, and the volume of the egg. P~ is a constant in the integration; for the sake of symmetry we shall, however, introduce the constant V, given by Equation I. S is readily expressed in terms of V, and we have:
* This definition of permeability is seen to possess a definite physical meaning viz., the number of cubic micra of water entering the cell per minute per unit area of membrane, per atmosphere of difference in osmotic pressure between interior and external medium. This definition of permeability has been used in our more recent papers (4, 5) ; its value may be computed directly from the graph of the swelling or shrinking processes.
In this differential equation the variables are the time, t, and the volume of the egg, V; all other terms are constant. On integration we obtain the equation governing the expected course of swelling or shrinking:
where V is the volume of the eggs at time t. As indicated by the conventional notation, the term in the square brackets is to be taken between the limits V and V, _ o.*
The treatment given by Northrop is somewhat different. I-Ie considers two cases: (a) the membrane contains pores whose diameter increases as the cell membrane is stretched in the swelling process; (b) the membrane, as it is stretched, does not alter in volume--its area increasing and its thickness decreasing. He then shows that both these assumptions lead to the same differential equation:
from which he writes
where the notation is as in III.* I t is to be noted that Northrop's "C~" is different from the k of II and III.
EXPERIMENTS
The method employed in the present study is the same as has been previously described. Briefly stated, unfertilized eggs from a single specimen of Arbada punctulata are placed in sea water which has been diluted with sufficient distilled water to give a solution having the desired osmotic pressure. Temperature control is accurate to 4-0.5°C. With an ocular micrometer and low power objective, the diameter of an egg is measured at minute intervals. Since the cells are spherical, volume can be calculated from diameter. Each volume recorded in this paper represents the mean value of six cells.
The first group of experiments here reported were designed to answer the question, Is the permeability of the cell affected by the salt concentration of the medium? Cells were taken from undiluted (100 per cent) sea water and placed in 20, 40, and 60 per cent sea water, * We have converted Northrop's notation to the form used in this paper.
We note once more that the right hand side is homogeneous in V and V,: we may, therefore, use the same method of computation by a conversion chart. Indeed, the presence of so many terms which are common to both Equations III and IIIN makes it possible to construct charts for both equations with very little additional labor.
respectively.* The course of swelling was followed for a number of minutes. Data obtained from three experiments of this character are given in Table I . The same data have been used in Fig. 1 there is no effect of salt concentration of the medium on permeability, at least under these conditions. Values of permeability factor k are given in Table I ; these values show no drift with concentration.
In seven other experiments, in which various concentrations of sea water--20, 30, 40, 50, 60, 70 and 80 per cent--were used in different combinations, and at temperatures ranging from 15 to 21°C., the permeability factor was not found to vary in any definite way with the osmotic pressure of the medium. Table I as values of C,. These values also, it is seen, show no drift with change in concentration.
I t is, therefore, concluded that under these conditions--that is, when cells previously in 100 per cent sea water are made to swell in various hypotonic dilutions of sea water, permeability as now defined is not affected by the osmotic pressure of the medium. The "velocity constant" of the unimolecular equation used in earlier papers has been shown to possess no physical significance, and the "concentra-* By 20 per cent sea water, for example, is meant a solution consisting of 20 parts of sea water and 80 parts of distilled water. ** More accurately stated, the equation fits the data over the first few minutes of the experiment. The later points in the 20 per cent experiments are seen to rise above the straight line, indicating increase in permeability, which is probably due to injury, as cytolysis occurs a few minutes later. In contrast to this the later points in 60 per cent sea water (and especially in 70 and 80 per cent, as shown by unpublished experiments) tend to lie below the line, indicating that in these concentrations the equation does not fit the later part of the course of swelling.
tion effect" on this velocity constant is seen to be due to the empirical nature of the equation. 
W e h a v e f u r t h e r m o r e n o t e d t h a t N o r t h r o p ' s t r e a t m e n t , based on different a s s u m p t i o n s of m e m b r a n e structure, is also s a t i s f a c t o r y for describing the e x p e r i m e n t a l data. M o r e o v e r , his differently defined
" p e r m e a b i l i t y , " C~, is also seen to be i n d e p e n d e n t of the c o n c e n t r a -tion of the external medium. Indeed, the equation k = C2S, which expresses the relation between Northrop's permeability and ours, assures us that, if the constants be determined (graphically) always for the same volume of the egg, they will be proportional to one another. We conclude that the small effect of concentration noted by Northrop was due to the fact that the scanty data available to him at that time were less reliable than the present. That the two equations should agree so closely is explained when a numerical comparison of the two is made. I t is then seen that the difference between the two becomes appreciable only in extremes of concentration which cannot be employed with this material, or at volumes so close to equilibrium that the experimental errors mask any real differences.* In short, at the present time, it is impossible to choose between the two treatments on the basis of kinetics alone. In the absence of definite knowledge of membrane structure it is consequently a matter of indifference which is chosen.
16
.'~° ..4. . Cells previously swollen in 60 per cent sea water were returned to ordInary sea water in which they were measured during shrinking. The temperature was 15°C.
It is seen that a linear graph is obtained, showing that the equation fits the data.
As has been remarked, there is nothing in the derivation of the equation which in any way limits the treatment to swelling alone; * This is largely due to the presence, in both equations, of the term In (V,½ -V ½) which predominates over all the rest.
indeed it is found adequately to describe the shrinking process as well. This is shown to be the case in Fig. 2 , which is typical of a large number of experiments. The cells, previously swollen in 60 per cent sea water, are returned to 100 per cent sea water and the course 1 of shrinking measured. The plot of (36~)t PoVo"f(V'Ve) against time is seen to be linear, indicating that the equation fits the data for shrinking. Northrop's equation describes the data equally well. It is observed, however, that the value of k for shrinking is much greater than the values for swelling given in the preceding experiments. This difference has been found invariably in a large number of experiments in which swelling and shrinking have been compared.
A representative experiment is given in Table II given at the bottom of the table. It is seen that at corresponding temperatures, the value for shrinking is always greater than for swelling. The average ratio of shrinking to swelling in this experiment is 1.4.
Thus we reach the surprising conclusion that permeability, as defined by Equation III, is greater in shrinking than in swelling.
This at once suggests that Equation III may require modification. Indeed, one correction is already available. It was mentioned under assumption 1 that a fraction of cell volume is occupied by osmotically inactive material. Hence Equation Ia, heretofore used on account of its simplicity must be corrected for this fraction, which has been computed at 11 or 12 volume per cent (8) . We now write for Ia
in which b is the volume occupied by osmotically inactive material.
Making the necessary substitutions in Equation IIa and integrating, we obtain E q u a t i o n I V has been found to fit the data, if anything, a little b e t t e r t h a n E q u a t i o n I I I . * Applying it to the d a t a of T a b l e I I , we obtain the values for permeability given in the b o t t o m row. I t is seen t h a t k for swelling is slightly increased while k for shrinking is distinctly reduced. T h e average ratio of shrinking to swelling n o w becomes slightly greater t h a n 1.1.** 
1.01
However, this ratio varies considerably in different experiments. I n T a b l e I I I , values of k3 and k4 are given for a n u m b e r of experiments, * A similar correction can of course be applied to Northrop's equation. ** While Equation IV describes the course of osmosis more accurately, it is relatively unwieldy. Therefore Equations I I and I I I are to be preferred when no serious error is introduced by their use; this is the case in experiments in which cells from ordinary sea water are swelled in hypotonic dilutions.
together Mth the ratios of these permeability factors for shrinking and swelling. The mean ratio of shrinking to swelling when computed by Equation III is 1.51; by Equation IV is 1.25.
Thus Equation IV reduces the difference between shrinking and swelling by one-half, on the average. There still remains a significant difference between the two processes; water leaves the cell more readily than it enters. Consideration of the forces, such as elasticity and surface tension, and of mechanisms within the cell which might bring about this result will be made the subject of a future paper.
DISCUSSION
In the present paper a theoretical treatment of osmosis has been developed which we believe marks a step in advance. Permeability has been defined in terms having definite physical meaning. So defined, permeability is found no longer to be dependent on the osmotic pressure of the medium, and so we have simplified our conception of the mechanism by which the flow of water across the cell surface is regulated. Our working hypothesis in its present form has already been found useful in measuring changes in permeability brought about by various environmental factors. That the hypothesis is subject to further modification is suggested by the observations that permeability, as we have defined it, is not constant after the first few minutes of the swelling and shrinking processes, and that its numerical value is greater in shrinking than in swelling.
SUMMARY
Using unfertilized eggs of Arbacia punctulata as natural osmometers an attempt has been made to account for the course of swelling and shrinking of these cells in anisotonic solutions by means of the laws governing osmosis and diffusion. The method employed has been to compute permeability of the cell to water, as measured by the rate of volume change per unit of cell surface per unit of osmotic pressure outstanding between the cell and its medium.
Permeability to water as here defined and as somewhat differently defined by Northrop is approximately constant during swelling and shrinking, at least for the first several minutes of these processes.
